Obstructive Sleep Apnea
=======================

Obstructive sleep apnea syndrome (OSA) is a highly prevalent disorder affecting approximately 4 to 10% of adults that has been implicated in a large spectrum of end-organ morbidities. OSA is characterized by repetitive obstructions of the upper airway during sleep that result in intermittent hypoxia (IH), increased inspiratory efforts, and ultimately sleep fragmentation (SF). A large body of research has extensively examined some of the mechanisms underlying the cardiovascular, cognitive, and metabolic co-morbidities associated with OSA in both patient cohorts and murine models. In this setting, activation and propagation of inflammatory and oxidative stress pathways have emerged as leading mechanistic processes.[@R1]

OSA, Sleep, and Cancer
======================

OSA could interact with cancer and promote adverse effects on tumorigenesis and disease outcomes. This convergence of OSA and cancer likely is primarily a consequence of the episodic hypoxia that characterizes this frequently occurring sleep disorder.[@R2] Such assumptions are supported by recent seminal epidemiological studies linking enhanced cancer aggressiveness and mortality link to the severity and frequency of IH.[@R3]^,^[@R4] Early in vitro and in vivo models of OSA further suggested that IH during the sleep cycle promotes increased melanoma tumor growth and metastastic potential, thereby lending biological plausibility to cohort-based studies, and tilting the emphasis of research efforts toward hypoxia-based models, with little, if any, attention being paid to the other major constitutive element of OSA, namely SF.[@R5]

Most of the work on correlations between sleep and cancer has focused on the impact of cancer therapies on altered sleep quality and attendant quality of life measures.[@R6] Notwithstanding, sleep duration and overall sleep characteristics may affect overall cancer outcomes. The presence of either short or prolonged sleep duration appeared to incur either a higher incidence of cancer or were associated with adverse outcomes.[@R7] However, assessment of sleep duration was restricted to a nominal single question "how many hours do you sleep every night?," such that estimates were highly subjective, and failed to assess sleep disruption by underlying sleep disorders (e.g., OSA), or environmental sleep disruptors (e.g., noise pollution). To explore the potential implications of SF on tumor proliferation, we exposed mice to a SF paradigm that is non-stressful and preserves sleep duration.[@R8] In this setting, 2 well-established syngeneic tumor models revealed that proliferative rates and tumor size and invasiveness were markedly increased in SF-exposed mice.[@R9]

Cancer and Tumor-Associated Macrophages (TAMs)
==============================================

The immune system in general, and macrophages in particular, participate in multiple cancer-related processes. Among macrophages (Mϕ), 3 major sub-types have been enunciated with distinct origins. Classically-activated Mϕ are derived from stimulation with LPS or interferon-γ (IFNγ) and designated as M1. Alternatively-activated wound-healing Mϕ arise in response to IL-4 or IL-13 stimulation and termed M2a. Finally, Mϕ phenotype derived from IL-10 or transforming growth factor- β (TGFβ) stimulation are designated as M2b. Alteration in the polarity of Mϕ is clearly a major determinant of tumor modulatory properties. The tumor microenvironment delivers various signals that shape Mϕ phenotypes preferentially into those promoting tumor growth instead of those that attack tumor cells. Simplistically stated, pro-inflammatory cytokines produced by M1 perform antitumor functions, whereas on the other hand, tissue regenerative functions of M2 (e.g., angiogenesis, stromal and cytoskeleton proliferative signaling, etc.) help to promote tumor growth. Tumor-associated macrophages (TAMs) have therefore been extensively examined and M2-like Mϕ appear to support tumor progression and survival in most cancers by releasing a vast array of growth factors, cytokines, inflammatory mediators, and proteolytic enzymes that underlie key components of tumor growth and invasion.

OSA and Polarity of TAMs
========================

As mentioned above, application of IH during sleep promoted accelerated melanoma tumor growth and metastatic potential. In a recent set of experiments, we not only expanded these observations to the TC-1 tumor model but further sought to discern whether IH directly promotes tumor cell proliferation. Furthermore, we also examined whether TAMs are necessary and potentially sufficient to account for the increased tumor size and invasion observed in mice exposed to IH during sleep.[@R10] Our experiments support the notion that rather than the direct effects of IH on cancer cells, IH-induced alterations in TAM polarity indirectly effect the tumor as a whole, thereby underlying the adverse cancer outcomes reported in patients afflicted with OSA. Indeed, IH-exposures both in vitro and in vivo shifted the polarity of TAMs toward a M2 phenotype that in turn accelerated tumor cell proliferation and increased tumor cell invasiveness.[@R10]

Coincidentally, similar findings emerged in the aforementioned SF experiments. First, TAMs bearing M2 macrophage markers were significantly more numerous and preferentially located in the TC-1 tumor periphery among SF-exposed mice. Second, unbiased quantitative proteomic characterization of TAM membrane proteins in normally sleeping mice and in SF-exposed mice confirmed major shifts in Mϕ polarity. Finally, based on the significant increases in toll-like receptor 4 (TLR4) expression in SF-exposed TAMs, experiments in *tlr4*^−/−^ mice or in mice lacking 1 of the 2 major signaling pathways of TLR4, namely the myeloid differentiation factor MYD88 or the toll-like receptor adaptor molecule TRIF, revealed that the SF-induced differences in tumor growth were completely abrogated only in *tlr4*^−/−^ mice.[@R9]

Taken together, it appears that the constitutive perturbations that characterize OSA, i.e., IH and SF, promote the occurrence of immunological alterations in the host response to the tumor that ultimately result in markedly adverse tumor properties. A tentative hypothetical schema of this conceptual framework is presented in [Figure 1](#F1){ref-type="fig"} and is primarily based on such preliminary findings. However, the restricted sets of experiments described heretofore in no way enable a comprehensive understanding of the complex landscape of the mechanisms and nature of the immunological alterations that link sleep perturbations, cyclical hypoxia, and cancer biology. Notwithstanding, these initial findings provide biological plausibility to the concept that sleep and sleep disorders intervene in fundamentally critical oncoimmunological processes.

![**Figure 1.** Schematic diagram illustrating potential interactions between OSA and immunological processes in the tumor microenvironment. Obstructive sleep apnea (OSA) causes both intermittent hypoxia and sleep fragmentation that shift the balance of tumor-associated macrophage (TAM) polarity from M1 to M2 and increase the ratio of regulatory T (Tregs) to CD8^+^ cytotoxic T cells in the tumor microenvironment thereby promoting immune suppression and enhancing malignant disease progression.](onci-3-e28326-g1){#F1}
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